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Abstract. We report polarization calibration of the filter magnetograph of the Solar Magnetic Activity
Research Telescope (SMART) at Hida Observatory. The polarimeter response matrix (Elmore 1990)
derived from the experiment shows a significant spacial variation across the field of view especially on
the crosstalk among the Stokes Q, U, and V . We discuss that the spacial variation might be caused by
the linear and circular diattenuation of a polarizing beam splitter.
1 Introduction
1.1 Overview of the polarimeter
The Solar Magnetic Activity Research Telescope (SMART; UeNo et al. 2004) at Hida Ob-
servatory consists of four telescopes equipped on a unique equatorial mount. The fourth
telescope T4 is a 250mm diameter partial disk filter magnetograph (Nagata et al. 2014).
One of the scientific goals of the T4 is to study the fluctuations of photospheric magnetic
field during the solar flares with the time cadence of a minute or less and the polarimetric
sensitivity of 5×10−4. In order to achieve the time cadence and the sensitivity, we take more
than 600 pairs of frames in 20 seconds to derive the Stokes vector in one wavelength.
The optical layout of the T4 is shown in figure 1. The polarization modulator of the T4
is a rotating waveplate placed just behind the primary focus. The waveplate is continuously
rotating at the frequency of 1.7 Hz during the observations. We take the monochromatic
images around the 6302.5 Å (Fe I) with a tandem Fabry-Perot filter (the bandwidth is ∼ 130
mÅ). The polarization analyzer of the T4 is a polarizing beam splitter (PBS), with which we
divide the beam into orthogonal polarized lights; we use the coordinate syetem that defines
+Q as the direction of p component of the PBS in this study. Two CCD cameras placed
behind the PBS simultaneously take each of the orthogonally polarized lights with a frame
rate of 30 frames per second.
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Figure 1. Optical layout of the T4. z-axis: incident light direction, x-axis: +Q, y-axis: −Q. The sheet
polarizer just in front of the objective lens (Lobject) is only used in polarization calibration.
1.2 Measurement of Stokes vector
The procedure to obtain the Stokes vectors with the T4 observation is explained in figure 2.
We derive the Stokes vector Sout based on the simple theoretical description of the instrumen-
tal polarization model as follows. The observed intensities of two cameras (I±) can be given

















{Iin ± (1 + cos δ2 +
1 − cos δ
2
cos 4θ) × Qin
± (1 − cos δ
2
sin 4θ) × Uin ∓ sin δ sin 2θ × Vin},
whereMp± are the Mueller matrices of the PBS,Mw(θ) is the Mueller matrix of the rotating
waveplate at the rotating angle of θ, and δ is a retardation of the waveplate (δ ∼ 127.0 deg
around 6302.5 Å). Note that θ is given as a function of time θ (t) = ωt; ω is the angular
frequency of the rotating waveplate.
The summation and subtraction of these intensities are follows;
I+(θ) + I−(θ) = Iin, (2)
I+(θ) − I−(θ) = 1 − cos δ2 Qin × cos 4θ +
1 − cos δ
2
Uin × sin 4θ − sin δVin × sin 2θ. (3)
The advantage of the two orthogonal polarized beammeasurement is that we can separate the
time series of the Iin and Qin/Uin/Vin. Thus we can suppress the crosstalk from the incident
Stokes I to Stokes Q/U/V .
Based on the theoretical model given by equation (2) and (3), we derive the output Stokes
vector Sout by a sinusoidal fitting with θ, 2θ, and 4θ which correspond to the angular fre-
quency of ω, 2ω and 4ω.
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However, the actual Mueller matrix of the T4 deviates from the theoretical expression
given above equation (1). Thus, we need to calibrate the Sout to derive the Stokes vector of
the Sun (Sin).
Sout = XSin. (4)
Here X is the polarimeter response matrix (Elmore 1990). In other words, the purpose of
polarization calibration is to examine the relationship between the known incident Stokes
vector and the output corresponding to that input Stokes vector. Note that the polarimeter
response matrix represents the crosstalk among the Stokes vector parameters I/Q/U/V , and
those crosstalk is the systematic errors in polarimetry.
Figure 2. Definition of polarimeter response matrix and error in polarization measurement.
2 Experiment
2.1 On the accuracy and sensitivity of polarization measurement
Ichimoto et al. (2008) discusses the requirement on accuracy of the measurement of the
polarimeter response matrix. The errors of the measured normalized Stokes parameter S/I
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where the first term is the systematic error – “scale error”, and the second term is the statis-
tical error – “bias error”. Here we note that the error in polarization calibration is the error













whereX is the true polarimeter response matrix, Xr is the measured one, and E is the identity
matrix.
We require that the ∆s and ∆b to be smaller than the scale error a and the photometric
noise ε, respectively. Thus, the requirement is given as the following equation,
‖X−1r X − E‖ = ‖∆X‖ <

− a/Pl a/Pl a/Pc
ε a ε/Pl ε/Pc
ε ε/Pl a ε/Pc
ε ε/Pl ε/Pl a
 , (7)
where Pl and Pc are the expected maximum linear- and circular-polarization degrees in the
solar spectra, respectively (See also Anan et al. 2018).
For T4’s polarization calibration, we adopt ε = 0.001, a = 0.05, Pl = 0.15, and Pc = 0.20
for the accuracy requirement, and the tolerance matrix is shown in below;
‖∆X‖ <

− 0.333 0.333 0.250
0.001 0.050 0.007 0.005
0.001 0.007 0.050 0.005
0.001 0.007 0.007 0.050
 , (8)
this requirement is as high as that of Hinode/SOT.
2.2 Experiment setup and data analysis
We carried out polarization calibration of the T4 with linear- and circular-sheet polarizers
placed in front of the telescope (figure 1). We investigated the polarimeter response matrix
at the four wavelengths of 6302.5 Å ±0.080 Å, ±0.160 Å. The detail of the experiment is
shown in table 1.
In the data analysis, we at first fitted the observed intensities I± with the sinusoidal fitting
function and corrected the gain of two cameras. Figure 3 shows an example of the fitting
for the incident Stokes vector Sin = (1, 1, 0, 0)T. In the figure, we can clearly find significant
signals in cos 4θ amplitude, which corresponds to the input in this measurement, Qin. We
also find the difference between two cameras; the difference of the gain of the cameras.
We performed the same analysis for ±Q,±U, and ±V measurements. By using the spacial
distribution of the significant outputs corresponding to these six input Stokes vectors, we
corrected the gain of two cameras.
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Figure 3. Coefficient maps through the T4’s field of view in case of −0.16 Å from wavelength center
with +Q input, upper and bottom panels correspond to camera1 and camera2 respectively.
We then derived the output Stokes vectors (Sout,m = (Iout,m,Qout,m,Uout,m,Vout,m)T) for each
input m (= 1, ..., 32) with the theoretical model given in section 1.2. The known input Stokes
vectors (Sin,m = (Iin,m,Qin,m,Uin,m,Vin,m)T) for each measurementm (= 1, ..., 32) were simply
calculated as follows;







where Mpol,m correspond to the Mueller matrices of the polarizer that set in front of the
telescope for each input m (= 1, ..., 32). Here we note that we assumed the incident Stokes
vector to the polarizers in front of the telescope as the natural unpolarized light, (1, 0, 0, 0)T.
We at last derived the polarimeter response matrix (Xr) from the equation below:
Sin,m = X−1r · Sout,m. (10)
Table 1. Overview of the experiment
polarizer date # of input Stokes vector exp. time target
HN38 2019-05-23 161 4000 µsec disk center
HNCP37R 2019-05-24 82 4000 µsec disk center
HNCP37L 2019-05-24 83 4000 µsec disk center
2.3 Results and discussion
Figure 4 displays the reduced polarimeter response matrix as a function of the T4’s field of
view. Each panel corresponds to each component of the polarimeter response matrix. We
find the significant spacial variation across the field of view. In order to discuss the spatial
1The polarizer angle was set at 0.00,±11.25,±22.50,±33.75,±45.00,±56.25,±67.50, and 90.00
deg from the original position of the polarizer.
2The polarizer angle was set at 0.00,±22.50,±45.00,±67.50, and 90.00 deg from the original po-
sition of the polarizer.
3The polarizer angle was set at 0.00,±22.50,±45.00,±67.50, and 90.00 deg from the original po-
sition of the polarizer.
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distribution quantitatively, we calculate the standard deviation of the each component across
the field of view (σX−1r ),
σX−1r =

− 0.000 0.000 0.000
0.002 0.084 0.030 0.014
0.001 0.031 0.084 0.010
0.003 0.070 0.013 0.078
 .
Some of these values are larger than the requirements given in equation (8). In other words,
we can not regard the obtained polarimeter response matrix as uniform across the field of
view. Thus, we need to calibrate the output Stokes vectors pixel to pixel.
On the other hand, as shown in figure 4, the T4’s polarimeter response matrix of cosstalk
between Q and U (X−123 and X
−1




43 ) show the
similar spacial distribution.
Figure 4. Polarimeter response matrix X−1r map through the T4’s field of view.
The spacial distributions in these components can be explained if we assume that the PBS
has linear and circular diattenuation. By taking into account those diattenuation of the PSB,




{Iin ± (1 + cos δ2 +
1 − cos δ
2
cos 4θ
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+ P13
1 − cos δ
2
sin 4θ + P14 sin δ sin 2θ) × Qin
± (1 − cos δ
2
sin 4θ + P13
1 + cos δ
2
− P13 1 − cos δ2 cos 4θ − P14 sin δ cos 2θ) × Uin
∓ (sin δ sin 2θ + P13 sin δ cos 2θ + P14 cos δ) × Vin}, (11)
where P13 and P14 are linear and circular diattenuation respectively.
The results are shown in figure 5. We find the significant spacial patterns of the linear and
circular diattenuation as expected.
Figure 5. Estimated first column of the PBS Mueller matrices, upper and lower panels correspond to
the transmission and reflection direction of the PBS respectively. Pi j corresponds to the i j component
of the PBS’s Mueller matrices.
3 Summary
We performed end-to-end polarization calibration on the SMART-T4 with linear and circular
polarizers to examine the polarimeter response matrix. Some components of the polarimeter
response matrix contain significant spacial distributions, which are larger than the require-
ments. Thus, we need to calibrate the T4 Stokes vector products pixel to pixel. The spacial
patterns of the T4’s polarimeter response matrix can be explained by the ∼ 10% of linear
diattenuation and ∼ 1% circular diattenuation of the PBS.
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